INTRODUCTION
Contemporary urban areas are characterised by a high share of surfaces that are impervious to precipitation waters. The percentage share of built-up and urbanised lands in Wrocław increased from 38.8% in 2006 to 41.5% in 2012 41.5% in [BRW 2012 . Turning urban areas into impervious surfaces through the process of urbanisation is one of the main factors causing the appearance of excessive volumes of rainwater runoff [ARNOLD, GIBBONS 1996; JENNINGS, JARNAGIN 2002] . That phenomenon is amplified by the global climate change that causes the occurrence of weather anomalies, including intense atmospheric precipitations [BLAIR et al. 2014; LARSEN et al. 2009 ]. The increasing character of the phenomenon described above has had an impact on the directions of research in the field of urban hydrology, and the study of relations between the value of surface runoff and the degree of imperviousness of surfaces has become the subject-matter of numerous research works.
Studies on the volumes of rainwater runoff from selected urban areas were conducted by e.g. FER-GUSON, SUCKLING [1989] ; MELANEN, LAUKKANEN [1980] ; BURNS et al. [2005] ; METSÄRANTA et al. [2011]; BZYMEK, JAROSIŃSKA [2012] ; VALTANEN et al. [2014] ; SILLANPÄÄ, KOIVUSALO [2015] . The choice of spatial units subjected to research resulted from differences in build-up intensity and in land use types. More precise results, in relation to specific types of surfaces, are obtained in field studies on the reduction of the volume of rainwater runoff by specific surface types [BRATTEBO, BOOTH 2003; COLLINS et al. 2008; GILBERT, CLAUSEN 2006] .
The analysis of the literature concerning the subject-matter of relations between the value of atmospheric precipitation influx and the volume of rainwater runoff from various surfaces indicates a need for detailed research concerning the presented issue. The research results presented in this paper permit a closer insight into the problem in question.
The paper presents the results of field measurements from the first year of an experiment conducted in the area of the Departmental Agro-and Hydrometeorology Observatory in Wrocław (Wrocław-Swojec) which is a research unit of the Wrocław University of Environmental and Life Sciences. The complexity of the problem indicates the justifiability of its more extensive study and the need of conducting the research for period of at least several years. The presented experiment, conducted on four kinds of surfaces used in urban areas, is a part of a larger experiment conducted for the purpose of identification, on its basis, the possibilities of application of a sustainable rainwater management system in urban areas. The main objective of the study was the estimation of the volume of rainwater runoff from four types of surfaces commonly used in urbanised areas.
MATERIALS AND METHODS

STUDY AREA AND CHOICE OF EXPERIMENTAL SURFACES
The experiment concerning the relations between the diurnal sums of atmospheric precipitation and the diurnal volumes of rainwater runoff, with relation to the type of surfacing, was conducted in the area of the Departmental Agro-and Hydrometeorology Observatory in Wrocław (Wrocław-Swojec) (51,110° N, 17,030° E), situated in south-west Poland. Analysis of the annual sums of atmospheric precipitations in Wrocław in the period of 1901-2000 indicates that their mean value for that period was 583 mm [DU-BICKI et al. 2002] and the mean number of days with precipitation was 167.
The experiment is conducted in conjunction with actual research conducted within the housing estate "Nowy Dwór" selected for the study. For that reason the choice of surfacing materials on which the study on the relation atmospheric precipitation-rainwater runoff is conducted was dependent on the result of the inventory of surface coverage within the research area in the Nowy Dwór Estate.
TEST STATIONS
The construction of the test stations situated in the area of the Observatory was completed in March, 2014. The test surfaces constitute representations of the actual surfaces existing within the housing estate "Nowy Dwór" -the actual slopes of the surfaces and the method of their construction have been exactly reproduced. Within each of the test surfaces an area of 1 m 2 was delimited and surrounded with framing preventing the runoff of precipitation water in any undesirable direction. Only in the lowest part of each of the test surfaces the framing was left open, allowing the drainage of the entire amount of precipitation water from the test surfaces to troughs. The troughs drain the water directly to reservoirs for the accumulation of precipitation water.
MEASUREMENTS
The measurements of rainwater runoff from the test surfaces were conducted from April 2014 to November 2014 and are currently continued and taken daily at 7 a.m. Data in the form of diurnal sums of atmospheric precipitation are acquired from the Departmental Agro-and Hydrometeorology Observatory in Wrocław (Wrocław-Swojec) . The measurement of the volume of atmospheric precipitation is conducted by means of the classical Hellman pluviometer. The measurements are taken twice a day, but only the diurnal sums of precipitation are taken for the analyses. The diurnal sum of precipitation relates to the range of hours started from 7:00 a.m. one day till 7:00 a.m. next day.
DATA ANALYSIS
The results of daily measurements in the form of diurnal sums of precipitation (P d ) and diurnal volumes of rainwater runoff (O dos ) from the four test surfaces were collected in the form of monthly datasets. In the first stage, for each month the relations between the diurnal volumes of rainwater runoff from the test surfaces and the diurnal sums of atmospheric precipitation were analysed. Only the days with atmospheric precipitation were taken into account in the analysis. The data were presented in the form of dot charts, selecting functions providing the best description of the relations between the two datasets. For each month a regression equation was determined and the coefficient of determination (R 2 ) was calculated. Due to the random character of atmospheric precipitation, also the effect of the number of days with precipitation on the value of the coefficient of determination was analysed for each of the months of the experiment. The term 'number of days with precipitation' is used alternately with the term 'number of days on which a measurement was taken' and denoted with the symbol n dP . Sometimes different numbers of measurement days were adopted for the four test sur-faces. That difference was a result of not taking into account those days on which a measurement error occurred concerning the readout of the diurnal volumes of runoff from the test surfaces.
For each day with precipitation the diurnal values of the rainwater runoff coefficient (ψ d ) were calculated, using the following formula:
where: ψ d = coefficient of rainwater runoff from the test surfaces (diurnal value); kinds of test surface: P 1 = heat-sealable roll roofing (small-grain), P 2 = heatsealable roll roofing (coarse-grain), APB = openwork concrete plate, AS = tarmac; O dos = diurnal value of rainwater runoff (mm); P d = diurnal sum of atmospheric precipitation (mm).
The diurnal results, in the form of the sums of atmospheric precipitation and the sums of runoff from the test surfaces, were totalled up separately and the respective sums (ΣP d and ΣO dos ) were calculated for each element. The sums obtained in that procedure were subsequently used as the basis for the calculation of the mean values (ψ s ) and the medians (ψ me ) of the runoff coefficients for the month periods. The mean values of the rainwater runoff coefficients for a month were calculated according to the formula below:
where: ψ s = coefficient of rainwater runoff from the test surfaces (mean value calculated for a month); ΣO dos = monthly sum of diurnal rainwater runoff from a test surface (mm); ΣP d = monthly sum of diurnal atmospheric precipitation (mm).
The calculations were made only for days with precipitation (Tab. 2). More accurately, the relation between the water layer that flew off a test surface and the amount of water that fell on that surface during a day with precipitation was analysed. The area of the surface for which the rainwater runoff was calculated was 1 m 2 . To estimate the scale of variation of the mean values of coefficient of rainwater runoff from the test surfaces the calculations were performed separately for the consecutive months and for periods formed by their incremental combinations. The following time periods created by combining the months were specified: two-month period (April-May), three-month period (April-June), four-month period (April-July), five-month period (April-August), six-month period (April-September), seven-month period (AprilOctober), eight-month period (April-November). Created time periods permitted to estimate the minimal number of days with precipitation which is necessary for the determination of the value of the rainwater runoff coefficient. This estimation was performed by increasing the number of days with precipitation till the value of the coefficient of rainwater runoff approach an asymptote, which is the mean value of coefficient of rainwater runoff calculated for the period of 8 months.
As a result of the analysis of the mean monthly values and the medians of the coefficients of rainwater runoff from the test surfaces the ranges of variability of the mean monthly values of the runoff coefficients were obtained and the maximum values of these ranges were calculated.
Furthermore, for each of the test surfaces the minimum and maximum monthly values of coefficients of rainwater runoff (ψ smin and ψ smax ) and the minimum and maximum monthly medians of these coefficients (ψ memin and ψ memax ) were calculated.
After the 8-month period of the study the mean values of coefficient of rainwater runoff (ψ sr ) were calculated. The calculations were made analogously to the calculations performed for separate months and for periods created by their incremental combinations.
RESULTS
RELATIONS BETWEEN DIURNAL SUMS OF ATMOSPHERIC PRECIPITATION AND DIURNAL VOLUMES OF RUNOFF FROM TEST SURFACES
During the 8-month period of the study the diurnal sums of precipitation fell within the range of 0.1-55.2 mm. During that period of time the highest value of R 2 (for the period of a month) was obtained for surface P 2 (R 2 = 0.9998; in October). Among all the test surfaces most frequently the highest values of R 2 were obtained for surface P 2 (four times), while three times for surface P 1 . The values of the coefficient of determination R 2 for the test surface P 1 , P 2 , APB and AS are presented in Table 1 . The relations between diurnal sums of runoff from test surfaces and diurnal sums of atmospheric precipitation are illustrated in Figure 1 .
In the case of test surface P 1 the number of days with precipitation had no effect on the value of the coefficient of determination. The highest values of R 2 , close to 1, were obtained at n dP equal to 9. Those values were obtained in June and in October. A slight lower value of R 2 was obtained in August, at n dP of 15 (R 2 = 0.9978) (Tab. 1). For test surface P 2 also no statistically significant relation was noted between n dP and R 2 . The lowest values of the coefficient of determination (R 2 = 0.9666) were obtained in April at n dP of 11, while in July and September, at n dP equal to 10, the values of R 2 were 0.9949 and 0.9888. Whereas, in August, at the highest n dP (n dP = 15), one of the highest values of R 2 was obtained for P 2 (R 2 = 0.9988) (Tab. 1). In the case of test surface APB the lowest n dP occurred in April (n dP = 5), when the value of R 2 , describing the relation between P d and O dos , was the lowest among the months under analysis (R 2 = 0.7544) (Tab. 1). However, in the following month, in which n dP was 15, the value of R 2 was the second lowest value noted for test surface APB within the period studied (R 2 = 0.8371). For the months in which the highest values of R 2 were obtained (October and July) the value of n dP was 10 in both cases.
Similarly, in the case of test surface AS the lowest values of R 2 were obtained both at the minimum and the maximum numbers of days with precipitation in a month. In April, when n dP was 5, the value of R 2 was 0.9556. In August, when 15 days with rainfall were recorded, the value of R 2 was 0.9574. The highest values of R 2 , close to 1, were obtained at n dP of 9 and 10 (Tab. 1).
MEAN VALUES AND MEDIANS OF RAINWATER RUNOFF COEFFICIENT FOR THE FOUR TEST SURFACES
The obtained mean values and medians of the rainwater runoff coefficient are distinctly dependent on the type of test surface -a higher degree of surface imperviousness caused the obtainment of higher values of the runoff coefficient (Tab. 2).
The highest mean of the rainwater runoff coefficient, for the period of eight months (ψ sr ), were obtained for the two roof surfaces P 1 and P 2 . For each of those surfaces that value was 0.77. A somewhat lower value was obtained for the third impervious surface -AS (ψ sr = 0.67), for which the mean value in a month (ψ s ) was lower, over as many as five months, compared to the value of ψ s for P 1 and P 2 , and during the whole eight-month period it was lower than that for at least one of the roof surfaces (P 1 and P 2 ). Depending on the month, the medians of the coefficients of rainwater runoff from the test surfaces varied within the 
SIMILARITY OF THE RANGES OF VARIABILITY OF MEAN MONTHLY VALUES (ψ s )
The most similar ranges of variability of mean monthly values were obtained for the two roof surfaces P 1 and P 2 (Fig. 2a ). Both for P 1 and for P 2 the lowest mean values of the rainwater runoff coefficient in a month were obtained in May: ψ smin = 0.57 for P 1 and ψ smin = 0.60 for P 2 . Also in May a low value of ψ s was obtained for test surface AS (ψ s = 0.57) (Fig. 2b) .
Among the four test surfaces the most individual range of variability of the mean value of the rainwater runoff coefficient in a month was displayed by test surface APB. The value of the coefficient for that sur- (Fig. 2b) . For the periods created by combining the months in the incremental manner smaller ranges of variability of the mean values (ψ s ) were obtained for all the surfaces, and distinctly smaller in the case of surfaces P 1 and P 2 . The difference between the maximum and the minimum mean values of rainwater runoff coefficient in a created periods for P 1 was 0.21, and for P 2 0.17 (Fig. 3a) .
It appears important to note that after the period of 40 days the value of rainwater runoff coefficient stabilised and approached to the mean value (ψ sr ). Furthermore, the value of the runoff coefficient for the 4-month period (April-July) attained a value similar to the mean value of the rainwater runoff coefficient for the 8-month period and that value changed only slightly during subsequent periods (Fig. 3) . Fig. 3 . Ranges of variability of mean values of rainwater runoff coefficient (ψ s ) from two roof surfaces: P 1 and P 2 (a) and two driveway surfaces: APB and AS (b) in the created time periods versus the sums of precipitation (ΣP d ) (calculated for the same time periods) and versus the mean value of the runoff coefficient (ψ sr ) calculated for the eight-month period; source: own study
DIURNAL MINIMUM AND MAXIMUM VALUES OF RAINWATER RUNOFF COEFFICIENTS
During the whole study period the lowest minimum diurnal values of the rainwater runoff coefficient (ψ dmin ) were obtained for test surface APB. For test surface P 1 a diurnal value (ψ dmin ) equal to 0.00 was obtained 8 times. That result was obtained at low diurnal sums of precipitation (0.10-0.50 mm). For two months (June and October) higher minimum values were obtained (0.45 and 0.69 mm, respectively). Similar results were obtained for test surface P 2 . Seven times ψ d was 0.00 at diurnal sums of precipitation within the range of 0.10-0.50 mm. In the case of test surface AS values of the diurnal rainwater runoff coefficient equal to 0 were obtained 8 times. Differently than in the case of test surfaces P 1 and P 2 , the value of ψ dmin for test surface AS in April was not 0.00, but as in the case of the two roof surfaces the value of ψ dmin in June was >0. Also in the case of the minimum values the semi-permeable test surface APB displayed its individual character compared to the impervious surfaces P 1 , P 2 and AS. As many as 19 times the diurnal minimum values were 0.00, and the remaining results of ψ d were values significantly lower than those obtained for the other test surfaces.
During the period of the study, for test surface P 1 maximum diurnal values (ψ dmax ) of 1.00 were obtained 11 times. Diurnal values ψ dmax < 1 were obtained in April and in November. For test surface P 2 diurnal values ψ dmax equal to 1.00 were obtained only 5 times. An even lower result was obtained in the case of test surface AS. Diurnal values of ψ dmax equal to 1.00 were obtained only twice -in May and in November.
DISCUSSION RELATION BETWEEN DIURNAL SUMS OF PRECIPITATION AND VOLUME OF RAINWATER RUNOFF
A distinct correlation was noted between the volume of rainwater runoff and the diurnal sums of precipitation in the case of all test surfaces. The high values of R 2 obtained indicate a positive correlation in the case of the diurnal runoff volumes and the diurnal sums of precipitation. In the case of test surface APB April was an exceptional month when a low value of R 2 (0.7544) was obtained. That was due to a small number of observations resulting from the start of the measurement cycle in that month (only five observations for test surface APB).
SURFACE RUNOFF -RAINWATER RUNOFF COEFFICIENTS
The study demonstrated that the volume of rainwater runoff is distinctly related with the kind of surface. The results are in conformance with the results of studies conducted both on experimental test surfaces [BRATTEBO, BOOTH 2003; COLLINS et al. 2008; GILBERT, CLAUSEN 2006] and in the area of urban catchment basins [GOLDSHLEGER et al. 2012; MELA-NEN, LAUKKANEN 1980; METSÄRANTA et al. 2005; VALTANEN et al. 2014] .
The results obtained, in the form of rainwater runoff coefficients, display a certain analogy to the results obtained by VALTANEN et al. [2014] . The only difference is the scale of the research. The median of the rainwater runoff coefficient obtained in the study for test surface AS is similar to the median of rainwater runoff coefficient obtained by those authors for a catchment basin with a high degree of imperviousness (difference of 0.06). The results obtained -mean value (0.67) and median (0.69) -for test surface AS are considerably lower than the value of the runoff coefficient for a tarmac surface obtained by JAMES and THOMPSON [1997] . Those authors observed runoff volume from a tarmac surface equal to 100% of the precipitation, while our study on the test surfaces permitted the observation that only on two days the runoff from test surface AS was equal to 100% of the precipitation. Those results were obtained in May and in November, when the air temperature and the insolation were low, resulting in low evaporation and thus larger volumes of precipitation water runoff from the test surfaces.
Higher values of precipitation water runoff from a tarmac surface were obtained also by BRATTEBO, BOOTH [2003] , who used the tarmac surface as a reference surface for results obtained for four permeable surfaces.
At the same time it was noted that at low diurnal sums of precipitation and higher air temperature occurring in the summer months the values of the rainwater runoff coefficient for the test surfaces were lower than in the autumn months, with lower air temperature. The higher air temperature and the level of insolation in the summer months caused heating up of the test surfaces, which was reflected in increased levels of surface evaporation. Water evaporation took place as a result of contact with the heated test surface, due to which reduced amounts of precipitation water flew to the measurement reservoir. These observations can be related to the conclusions presented by VALTANEN et al. [2014] in the aspect of the seasonal variation of values of the rainwater runoff coefficient. A periodic variation in the values of the rainwater runoff coefficient was found also, on the basis of a three-year study, by METSÄRANTA et al. [2005] . Whereas, GILBERT, CLAUSEN [2006] after a one-year study of the volume of precipitation water runoff from four garage driveways built of tarmac, paving blocks and gravel did not find any seasonal differences in relation to the values of the runoff coefficient.
RUNOFF FROM SURFACE APB
Among the measured data in the form of diurnal volumes of runoff it was observed that sometimes the same diurnal sum of atmospheric precipitation results in different volumes of surface runoff. The basic factor that affects the observed differences is an occurrence of precipitation on the preceding day or during several preceding days, reflected directly in the mois-ture of the surface. COLLINS et al. [2008] , showed that surfaces built of concrete paving blocks that were moist at the moment of occurrence of precipitation retained 30% of the precipitation water, while dry surfaces were able to retain 50% of the precipitation water. The effect of preliminary wetting of a surface on the volume of surface runoff was observed to the greatest extent in the case of test surface APB. As an example, a ψ s value of 0.30 on the first day of precipitation increased to 0.89 after three days of continuous precipitation. The cause of the dynamic increase in the value of ψ s was water retention by the gravel material filling the open spaces in the openwork concrete plates due to the notable volumes of incoming precipitation water and, as a result, the reduction of the infiltration capacity of that test surface. Whereas, in the case of individual precipitation events test surface APB displayed a high ability of reducing the volume of surface runoff.
NUMBER OF DAYS WITH PRECIPITATION NECESSARY FOR THE DETERMINATION OF THE VALUE OF THE COEFFICIENT OF RAINWATER RUNOFF FROM THE TEST SURFACES
It was noted that for the periods created by the incremental addition of months after the 4-month period the value of the rainwater runoff coefficient stabilised and was equal to the mean value calculated for the entire period of observations. Whereas, during the first month of measurements, when only 7 measurements were made for P 1 , 11 for P 2 and 5 each for APB and AS the mean value of the rainwater runoff coefficient calculated for that month differed the most from the mean value calculated after the 8-th month period of the study. Therefore, it can be concluded that it is possible to determine the minimum number of observations (number of days on which a measurement was made) at about 40 as the necessary number for the determination of the value of the rainwater runoff coefficient for various types of surfaces.
CONCLUSIONS
Although the first period of experimentation lasted eight months and is currently continued, it was possible to identify the differences among the four test surfaces in terms of the volume of surface runoff in relation to the diurnal and monthly sums of precipitations. The study described above permitted the formulation of the following conclusions.
1. The number of days with precipitation in a month had no effect on the value of the coefficient of determination describing the relation between the diurnal sums of precipitation and the diurnal volumes of precipitation water runoff from the test surfaces.
2. Among the four test surfaces the lowest value of the rainwater runoff coefficient was obtained for surface APB. As a direct consequence of that, surface APB reduced the volume of surface runoff to the greatest extent relative to a day and a month.
3. A distinct effect of several-day rainfalls on an increase in the value of the rainwater runoff coefficient was noted in the case of test surface APB.
4. The study permitted the estimation of the minimum period or -more accurately -the number of days with precipitation necessary for the determination of the value of the rainwater runoff coefficient for a given type of surface. That number was determined at approximately 40 days on which precipitation occurred. After that period a stabilisation of the value of the rainwater runoff coefficient was observed.
